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Quantitative Assessment of Early [18F]Sodium Fluoride
Positron Emission Tomography/Computed Tomography
Response to Treatment in Men With Metastatic Prostate
Cancer to Bone
Stephanie A. Harmon, Timothy Perk, Christie Lin, Jens Eickhoff, Peter L. Choyke, William L. Dahut, Andrea B.
Apolo, John L. Humm, Steven M. Larson, Michael J. Morris, Glenn Liu, and Robert Jeraj

A B S T R A C T

Purpose
[18F]Sodium fluoride (NaF) positron emission tomography (PET)/computed tomography (CT) is
a promising radiotracer for quantitative assessment of bone metastases. This study assesses
changes in early NaF PET/CT response measures in metastatic prostate cancer for correlation to
clinical outcomes.

Patients and Methods
Fifty-six patients with metastatic castration-resistant prostate cancer (mCRPC) with osseous me-
tastases had NaF PET/CT scans performed at baseline and after three cycles of chemotherapy
(n = 16) or androgen receptor pathway inhibitors (n = 40). A novel technology, Quantitative Total Bone
Imaging,was used for analysis. Global imagingmetrics, includingmaximumstandardized uptake value
(SUVmax) and total functional burden (SUVtotal), were extracted from composite lesion–level statistics
for each patient and tracked throughout treatment. Progression-free survival (PFS) was calculated as
a composite end point of progressive events using conventional imaging and/or physician discretion of
clinical benefit; NaF imaging was not used for clinical evaluation. Cox proportional hazards regression
analyses were conducted between imaging metrics and PFS.

Results
Functional burden (SUVtotal) assessed midtreatment was the strongest univariable PFS predictor
(hazard ratio, 1.97; 95% CI, 1.44 to 2.71; P , .001). Classification of patients based on changes in
functional burden showed stronger correlation to PFS than did the change in number of lesions.
Various global imaging metrics outperformed baseline clinical markers in predicting outcome, in-
cluding SUVtotal and SUVmean. No differences in imaging response or PFS correlates were found for
different treatment cohorts.

Conclusion
Quantitative total bone imaging enables comprehensive disease quantification on NaF PET/CT
imaging, showing strong correlation to clinical outcomes. Total functional burden assessed after
three cycles of hormonal therapy or chemotherapy was predictive of PFS for menwith mCRPC. This
supports ongoing development of NaF PET/CT–based imaging biomarkers in mCRPC to bone.

J Clin Oncol 35:2829-2837. © 2017 by American Society of Clinical Oncology

INTRODUCTION

Currently, there is no established tool to reliably
and quantitatively measure changes in bone me-
tastases in response to therapy.1 Post-treatment
serum prostate-specific antigen (PSA) alterations
have historically been used to monitor patients
with prostate cancer; however, PSA does not pro-
vide any spatial context to treatment response.

Planar 99mTc-methylene disphosphonate bone
scintigraphy used clinically to assess osteoblastic
metastases is limited to semiquantitative response
assessment based on counting and confirming
lesions during treatment.2 This method benefits
from a standardized definition of radiographic
progression (ie, new lesions), which is associated
with overall survival in specific contexts inmetastatic
castration-resistant prostate cancer (mCRPC).3

However, it does not assess post-treatment
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changes in existing lesions or changes in overall disease burden.4

Limitations in bone imaging and lack of reliable methods for
quantitatively assessing disease result in prostate cancer trials focusing
on time-to-event end points such as overall survival and radiographic
progression-free survival (PFS) rather than response to therapy.

With rapid bone uptake and blood clearance, [18F]sodium
fluoride(NaF) positron emission tomography (PET)/computed
tomography (CT) has ideal characteristics for imaging osteo-
blastic activity.5,6 Multiple studies have evaluated the diagnostic
utility of NaF PET/CT, reporting higher specificity and sensitivity
in detecting skeletal metastases compared with 99mTc-methylene
disphosphonate bone scan and planar single-photon emission CT
imaging.7-10 Additionally, NaF PET/CT has demonstrated potential
for quantitatively evaluating metastatic bone disease, in terms of
both quantitative accuracy11,12 and efficacy in monitoring func-
tional changes throughout treatment.13,14

Recently, the clinical utility of quantitative NaF PET/CT re-
sponse assessment was explored. The number of lesions and
corresponding uptake on NaF PET/CTscans at 6 and 12 months of
treatment were associated with overall survival.15 In a small cohort
of patients receiving dasatinib, changes in NaF PET/CT uptake
showed modest correlation with PFS at 12 weeks.14 However,
quantitative changes were only assessed in five bone metastases, an
undersampling of the total burden of bony disease.

Clinical use of NaF PET/CT often lacks the ability to quanti-
tativelymeasure full disease dynamics because of high lesion numbers
in metastatic settings. This study uses novel semiautomatic extraction
of various imaging measures, allowing for quantitative assessment of
total disease burden throughout treatment. The primary objective of
this multicenter trial was to determine the repeatability of NaF PET/
CT imaging for evaluating osseous metastases in patients with
mCRPC to bone.12 Here we report the secondary objectives: eval-
uation and correlation of changes on NaF PET/CT in response to
docetaxel-based chemotherapy or androgen receptor (AR) signaling
pathway inhibitors with clinical outcomes.

PATIENTS AND METHODS

Patient Population
This prospective, two-arm, multi-institutional study enrolled 58

patients from February 2012 to September 2014 at the University of
Wisconsin Carbone Cancer Center, Memorial Sloan Kettering Cancer
Center, and National Cancer Institute. Before enrollment, patients needed
to demonstrate histologically proven adenocarcinoma of the prostate with
osseous metastases. Exclusion criteria included concurrent treatment with
any other agent for prostate cancer, palliative radiotherapy within 4 weeks
of registration, or any prior radioisotope treatment. Patients were treated
according to different protocols or standard-of-care per local practice. All
patients received either a docetaxel-based chemotherapy regimen (cohort
A) or AR-directed inhibitor treatment (cohort B), throughout which they
were evaluated with up to three NaF PET/CT scans.

Baseline [18F]NaF PET/CTwhole-body scans were performed within
7 days before treatment initiation. A second pretreatment (test-retest) scan
was performed 1 to 4 days after the first. Midtreatment imaging was
performed after three treatment cycles, 8 weeks (cohort A) or 12 weeks
(cohort B). Patients receiving AR-directed therapy additionally received an
early NaF PET/CT scan at 6 weeks to assess flare response.

PSA was collected at the onset of each drug cycle, and standard-of-
care imaging was collected. PSA change (ΔPSA) was recorded as the

percentage of decrease from baseline throughout the first three cycles of
treatment. The primary study was designed to assess repeatability of NaF
PET/CT, with a planned sample size of 60 patients (20 patients per site).12

The protocol was approved by the corresponding institutional review
board and radiation safety committee of each institution. All patients
provided written informed consent to participate.

Imaging Acquisition
Patients received bolus intravenous injection of [18F]NaF 111 to 185

MBq (3 to 5 mCi) and underwent imaging 60 minutes postinjection. Scans
at the University of Wisconsin Carbone Cancer Center and Memorial
Sloan Kettering Cancer Center were acquired on the Discovery VCT (GE
Healthcare, Waukesha, WI) PET/CT scanner, and scans at the National
Cancer Institute were acquired on the Gemini (Philips Healthcare,
Amsterdam, the Netherlands) PET/CT scanner. The acquisition time for
whole-body scans was 3 minutes per bed position.

Low-dose CT scans were acquired for attenuation correction. Quan-
titative harmonization of scanner systems was achieved by applying re-
construction parameters that provided similar image quality, as described
previously.12 This resulted in unique reconstruction sets for the Gemini
(three iterations; 33 subsets; voxel size, 43 43 4 mm3) and Discovery VCT
scanners (two iterations; 14 subsets; voxel size, 2.73 3 2.73 3 3.27 mm3).

Image Analysis
Quantitative Total Bone Imaging (QTBI) was used for NaF PET/CT

analysis (Fig 1). Metastatic lesions were segmented from PETuptake, assisted
with an anatomic CT mask to exclude soft tissue uptake followed by
a threshold of standardized uptake value (SUV) greater than 15 g/mL.12 Lesion
contours were verified by an experienced nuclear medicine physician to
confirm all benign uptake was excluded. After segmentation of the individual-
lesion region of interest (ROI), SUV metrics were extracted considering all
voxels in an ROI, including maximum uptake (SUVmax), mean uptake
(SUVmean; mean SUV in ROI), and total uptake (SUVtotal; summed SUV in
ROI normalized to voxel volume). Next, patient-level SUVmax was defined as
maximumuptake value of all individual-lesion SUVmax values, SUVmean as the
average of all individual-level SUVmean values, and SUVtotal as the sum of all
individual-level SUVtotal values. For each SUVmetric, response was calculated
as percent change from baseline to midtreatment scans. SUV metrics from
each time point and response between time points were reported.

Outcome Measures
Within this imaging protocol, formal response and progression

criteria were not defined, because patients were treated according to either
a therapeutic clinical trial protocol or standard clinical practice. Therefore,
there were no mandated standard imaging studies or fixed schedules of
standard-of-care imaging. NaF PET/CT imaging was collected for research
purposes and was not used to guide treatment decisions. Investigator-
reported clinical and radiographic progression were captured when
available, but for the purposes of this analysis, a composite end point of
PFS was used for correlation with NaF PET/CT measures.

Radiographic imaging (CT chest/abdomen/pelvis and bone scan) and
PSA assessments were obtained per therapeutic study protocol or standard
of care. Confirmatory CT scans were obtained 4 to 6 weeks after initial
documentation of objective response whenever possible. For patients with
progression of disease on the first reassessment bone scan, a minimum
of two new lesions had to be observed, with confirmatory bone scan
$ 6 weeks later showing additional new lesions.

Progression included events relating to ΔPSA, clinical symptoms,
and/or physician discretion. ΔPSA was recorded per PSAWorking Group
Criteria.16 PSA progression was confirmed by a second value at least
3 weeks later whenever possible.2

PFS was defined as the number of days from treatment initiation to the
day the patient experienced an event of disease progression (radiographic,
biochemical, or clinical) or death, whichever came first. Radiographic PFS
was defined as the number of days from treatment initiation to the day the
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patient first experienced a specifically radiographic event of disease pro-
gression (not determined by NaF PET/CT imaging) or death, whichever
came first. Patients not experiencing any progression-related events by the
end of the follow-up period were censored to the last appropriate exami-
nation date (clinical or radiographic).

Statistical Analysis
The association between PSA and SUV metrics was evaluated using

nonparametric Spearman rank correlation. Cox proportional hazards regression
analyses were conducted to evaluate associations between NaF imaging metrics
and progression based on the composite definition of PFS or radiographic PFS.
In multivariable analysis, forward and backward selection methods were used to
identify a parsimonious model. Univariable predictors with significance P , .2
were considered for inclusion in the initial nonparsimonious model. Backward
selection was performed using Bayesian information criteria. Kaplan-Meier
analysis was completed for categorical variables, and the log-rank test was
used for comparison between groups. All reported P values are two sided, and
P , .05 was used to determine statistical significance. Statistical analyses were
conducted using R software (version 3.2.3; http://www.r-project.org/).

RESULTS

Of 58 patients enrolled, 56 received at least one scan evaluable for
analysis. Fifty-four patients received baseline NaF PET/CT scans,

and 46 received midtreatment NaF PET/CT scans (Table 1). At the
time of data collection, 40 patients had progressive disease, three
had died within the window of clinical evaluation, three had no
evidence of progression and were continuing clinical follow-up,
and 10 had gone off study for other reasons. Thirty patients ex-
perienced radiographic progression. Median SUVmax at baseline
was 75.5 g/mL (range, 28.8 to 225.3 g/mL). Using the automated
QTBI process, median number of lesions identified on baseline
NaF PET/CTwas 34 (range, one to 277 lesions). Benign disease was
removed from analysis (average, 2.1 ROIs per patient; range, zero
to 16 ROIs). Total functional burden (SUVtotal) at baseline varied
markedly across patients, with median burden of 3.9 3 103 and
range of 0.02 3 103 to 5.5 3 103 [g/mL 3 cm3].

PFS
Median time from treatment initiation to progression was

7.6 months (range, 1.2 to $ 29.4), with no significant differences
between treatment groups (P = .34). Correlation of NaF PET/CT to
the composite definition of PFS is summarized in Table 2. Baseline
imaging metrics significantly correlated with PFS included SUVmax,
SUVmean, and number of lesions. Midtreatment SUVtotal was the
strongest univariable predictor of PFS for all patients (hazard ratio
[HR], 1.97; 95% CI, 1.44 to 2.71; P , .001) and patients receiving

A

0 25
SUV (g/mL)

0 15
SUV (g/mL)

0 15
SUV (g/mL)

B C

Fig 1. Semiautomatic quantitative assessment of sodium fluoride (NaF) positron emission tomography (PET)/computed tomography (CT) imaging. For each scan, piecewise
skeletal registration allowed for localization of osseous uptake. Individual lesions were identified (standardized uptake value [SUV] . 15 g/mL), and nonmalignant uptake was
removed before extraction of global metrics. (A) [18F]NaF PET (left)/CT (right) acquisition. (B) Isolation of skeletal uptake. (C) Segmentation and uptake quantification.
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AR-directed treatment (HR, 1.8; 95% CI, 1.28 to 2.68; P , .001).
Two NaF PET/CTmetrics assessing imaging change from baseline to
midtreatment were found to correlate with PFS: DSUVtotal and
change in number of lesions.

In the AR cohort (n = 40), week-6 NaF PET/CTmetrics were
also significant correlates of PFS (Table 3), including early imaging
response measure DSUVmean (%) showing moderately favorable
relation to outcome (HR, 0.73; 95% CI, 0.54 to 0.99; P = .05).
Thirty-three patients had paired baseline and week-6 scans available
for quantitative assessment; 16 patients showed increasing SUVmean

median DSUVmean, 4.3%). Of these 16 patients, 13 exhibited

declining PSA (indicating imaging of metabolic bone flare; Ap-
pendix Fig A1, online only).

Radiographic PFS
Median time to radiographic progression by standard scans

was 8.1 months (range, 1.5 to$ 28.5 months), with no differences
between cohorts (P = .61). Of 30 patients experiencing radio-
graphic progression, 25 had bone-related progression and five had
soft tissue–only progression (Table 1). Baseline SUVmean and
midtreatment SUVtotal were the strongest univariable NaF PET/CT
correlates of bone-related radiographic progression determined by
standard imaging for all patients (HR, 1.81; 95% CI, 1.20 to 2.72;
P = .005 and HR, 1.81; 95%CI, 1.19 to 2.77; P = .006, respectively).
In the AR cohort, DSUVtotal (%) at midtreatment was the NaF
PET/CT metric most strongly associated with bone-related ra-
diographic PFS (HR, 6.14; 95% CI, 2.35 to 16.1; P , .001).
SUVmean was the only baseline NaF PET/CTmetric associated with
bone-related radiographic PFS for patients in the AR group (HR,
2.04; 95% CI, 1.21 to 3.43; P = .01) and a moderate correlate at
week 6 (HR, 1.72; 95% CI, 1.04 to 2.84; P = .03).

Correlation to PSA
Baseline SUVtotal and number of lesions showed moderate

correlation to baseline PSA (r = 0.35; P = .01; 95% CI, 0.09 to 0.56
and r = 0.33; P = .01; 95% CI, 0.07 to 0.55, respectively). Imaging
correlations to baseline PSA strengthened at the week-6 time point
for the AR cohort (SUVtotal: r = 0.58; P = .004; 95%CI, 0.30 to 0.77
and number of lesions: r = 0.43; P = .01; 95% CI, 0.11 to 0.67).
Correlation between midtreatment ΔSUVmean and change in PSA
(ΔPSA), each assessed after three cycles of therapy, was moderate (r
= 0.37; P = .02; 95%CI, 0.07 to 0.61). A similar trend was noted for
ΔSUVtotal and ΔPSA (r = 0.31; P = .05; 95% CI, 0.00 to 0.57).

Assessment of Early Quantitative Changes
NaF treatment–related imaging alterations were categorized

according to SUVtotal test-retest limits reported by Lin et al,12 classified
as progressive disease (DSUVtotal . 44%), stable disease (230% ,
DSUVtotal , 44%), or partial response (DSUVtotal , 230%; Fig 2).
Six patients were found to have progressive DSUVtotal, 27 to have
stable SUVtotal, and 11 to have favorable DSUVtotal (median PFS, 5.2,
7.1, and 13.6 months, respectively). Patients with progressive change
on NaF PET/CT response after three cycles of treatment had
significantly shorter PFS and radiographic PFS (both P, .001).
Examples of patients with progressive and favorable early NaF
PET/CT responses are shown in Figure 3.

DISCUSSION

Unlike radiographic criteria (eg, Response Evaluation Criteria in
Solid Tumors [RECIST]) for anatomic imaging in patients with
soft tissue disease, there is no established method to quantitatively
monitor treatment response in bone metastases.17 Tools to de-
termine treatment response in bone would be useful in evaluating
promising new therapeutic agents.4 Given the number of treatment
options available, treatment morbidity, and costs associated with

Table 1. Patient Demographic and Clinical Characteristics

Characteristic

No. of Patients (N = 56)

Chemotherapy
Cohort (A)

AR-Targeted
Cohort (B)

No. (%) of patients 16 (29) 40 (71)
Patients per site
UWCCC 5 19
MSKCC 2 13
NCI 9 8

Gleason score at diagnosis
# 6 0 8
7 6 13
$ 8 9 18

Median age (range) at
enrollment, years

68 (55-84) 73 (47-88)

Performance status
0 3 19
1+ 13 21

Visceral metastasis
No 7 5
Yes 9 35

Lymph node metastasis
No 7 22
Yes 9 18

Median PSA (range) at baseline 61.6 (2.26-460.7) 59.9 (1.55-481)
Treatment
Docetaxel 16 —

Docetaxel + abirarterone 3 —

Abiraterone — 22
Enzalutimide — 10
Orteronel — 8
Abiraterone + veliparaib — 1

NaF imaging acquisition No. (%)
Baseline 16 (100) 38 (95)
Week 6 — 35 (88)
Midtreatment (cycle three) 15 (94) 31 (78)

Reason for treatment
discontinuation

Adverse event 1 1
Death , 30 days of last

treatment
1 2

Withdrew consent 0 1
Other 2 5

Disease progression 11 29
Radiographic
Bone only 6 12
Soft tissue only 2 3
Bone and soft tissue 1 6

Clinical 2 8

Abbreviations: AR, androgen receptor; MSKCC, Memorial Sloan Kettering
Cancer Center; NaF, sodium fluoride; NCI, National Cancer Institute; PSA,
prostate-specific antigen; UWCCC, University of Wisconsin Carbone Cancer
Center.
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therapy, an early response tool would also be of great benefit in
clinical decision making. Imaging is ideally suited to fit this need;
thus, this study aimed to assess the correlation of early NaF PET/
CT changes with clinical outcomes.

We previously conducted a small trial showing early response
assessment with NaF PET/CT is feasible.13 The study reported here
is the first to our knowledge to use the novel technology QTBI to

identify and monitor changes in bone disease on [18F]NaF PET/CT
in patients with mCRPC receiving standard chemotherapy or AR-
targeted inhibitors. QTBI allowed for uniform analysis of 56 pa-
tients despite variable disease burdens (median, 34 lesions per
patient per scan; range, one to 277 lesions per patient per scan).

NaF PET/CT imaging metrics assessed in this study were
evaluated within 12 weeks of treatment initiation and were strongly

Table 3. Radiographic PFS in Bone by Standard Scans: Results From Cox Proportional Hazards Regression

Metric

All Patients (N = 56)* Patients Receiving AR Treatment (n = 40)†

Standardized
HR

Univariable
95% CI P

Standardized
HR

Multivariable
95% CI P

Standardized
HR

Univariable
95% CI P

Standardized
HR

Multivariable
95% CI P

PSA measures
Baseline
PSA

1.34 0.94 to 1.90 .1 2.26 1.33 to 3.83 .002 1.11 0.69 to 1.81 0.66

ΔPSA, % 1.70 1.04 to 2.76 .04 1.89 1.04 to 3.45 .04
Baseline NaF
SUVmean 1.81 1.20 to 2.72 .005 2.04 1.21 to 3.43 .01
No. of
lesions

1.36 0.94 to 1.96 .1

Week 6 NaF
SUVmean 1.72 1.04 to 2.84 .03
No. of
lesions

1.35 0.86 to 2.12 .20

Midtreatment
NaF

SUVmean 1.65 1.03 to 2.66 .03 2.93 1.38 to 6.21 .005 1.77 1.00 to 3.15 .05
SUVtotal 1.81 1.19 to 2.77 .006 1.70 1.06 to 2.71 .03
No. of
lesions

1.61 1.05 to 2.47 .03 2.71 1.48 to 4.99 .001 1.46 0.89 to 2.38 .13 1.76 0.92 to 3.36 .09

ΔSUVtotal, % 1.45 1.04 to 2.01 .03 6.14 2.35 to 16.1 , .001 4.05 1.33 to 12.3 .01
ΔNo. of
lesions, %

1.58 1.03 to 2.43 .04 1.87 0.99 to 3.51 .05

Abbreviations: AR, androgen receptor; HR, hazard ratio; NaF, sodium fluoride; PFS, progression-free survival; PSA, prostate-specific antigen; SUV, standardized uptake
value.
*No. of events, 28.
†No. of events, 20.
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Fig 2. Classification based on quantitative standardized uptake value for total functional burden (SUVtotal) changes during first 12 weeks of therapy for (A) Progression-
free survival (PFS) and (B) radiographic PFS. Patients classified as having progressive disease using quantitative thresholds of change in SUVtotal had poorer progression-
free interval. Log-rank tests showed significant differences in progression-free intervals across response groups (P , .001 for both PFS and radiographic PFS).
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associated with radiographic bone progression as assessed by
standard imaging, indicating early quantitative changes on NaF PET/
CT precede radiographic changes later in treatment. We have dem-
onstratedmidtreatment total functional disease burden (SUVtotal) and
change in disease burden during treatment (DSUVtotal [%]) are strong
indicators of both a composite-definition PFS and radiographic PFS in
this patient population.

Statistical intervals from test-retest analysis of the same pop-
ulation were used to characterize response in this study.12 Here we
confirmed increasing functional burden on NaF PET/CT correlates
with treatment failure (n = 6; PFS, 5.3 months), whereas decreasing
burden correlates with prolonged treatment success (n = 11; PFS,
13.6 months). Previous studies support our findings, including
a recent study evaluating patients with metastatic prostate cancer
using NaF PET/CT at 6 and 12 months after treatment initiation.15

Similarly, DSUVmax on [18F]fluoride PET was predictive of PFS by
standard scans in a small cohort of patients.14 The higher degree of
quantitative analysis in our study allowed for fair comparison be-
tween SUV metrics and lesion burden. Use of SUVtotal for an in-
dicator of early response must be validated by future studies
correlating to imaging at the time of treatment failure.

Bone flare has been qualitatively described for patients re-
ceiving the AR-directed agent abiraterone. Previously observed
within the first 8 weeks of treatment on bone scans, bone flare
appears as worsening disease on imaging accompanied by de-
creasing PSA levels.18 Patients in our study receiving AR-directed
treatments underwent an additional scan 6 weeks after starting
treatment, where increasing average lesion uptake (DSUVmean)
resulted in modest prolonged PFS (HR, 0.74; P = .06). DSUVmean

was not shown to correlate with radiographic PFS. This contradicting

pattern likely represents a flare phenomenon, appealing to vi-
sual indication on NaF PET/CT evaluations in this study
(Appendix Fig A1).

Metastatic prostate cancer to bone is often characterized
by widespread disease throughout the skeleton.19 Patients with
$ 50 lesions on imaging are often regarded as having superscans
(clinically nonevaluable disease) on bone scans. NaF PET/CT quan-
tification has been handled variably in literature, limiting evalua-
tion to one lesion per anatomic site in superscans15 or selection of
up to five lesions per patient.14 An automatic technique for lesion
quantification is desirable to ease time constraints of clinical
physicians. Evaluation of disease was uniform in all patients for this
study as a result of the use of the semiautomatic analysis tool QTBI.
Because total functional burden (SUVtotal) was the strongest pre-
dictor of treatment efficacy, the importance of methodologies
adopting total disease evaluation in mCRPC seems essential.

Several studies have addressed potential confounding factors
in NaF PET/CT quantification, including frequency of benign
uptake.15 All ROIs were identified using the SUV threshold of
greater than 15 g/mL within bony regions, showing favorable
repeatability in previous work.12 This threshold-based segmen-
tation was selected to avoid incident inclusion of nonmalignant
uptake.20-22 In this study, uptake thought to be caused by benign
bone changes was removed by an experienced nuclear medicine
physician. Degenerative uptake was found to encompass an average
of 6.9% of ROIs per patient and is not considered a significant
confounding factor for a majority of patients.

The results presented here show that QTBI is a promising tool
to assess early treatment response in bone. Multiple PET radio-
tracers are currently being investigated for use in advanced-stage,

0 25
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0 25
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A B

Fig 3. (A) Example of patient with progressive disease; 75-year-old man with time to radiographic progression of 87 days. (B) Example of patient with partial response;
52-year-old man with time to unequivocal clinical progression of 255 days. Sodium fluoride positron emission tomography/computed tomography shown at baseline (left)
and midtreatment (right) in both panels. SUV, standardized uptake value.
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metastatic prostate cancer with a higher specificity of detection for
malignant lesions outside of the bone.23-25 Additional work needs to
investigate the utility of these radiotracers for the use of response as-
sessment in bone-dominant disease. Limitations of this study include
lack of long-term imaging follow-up with NaF PET/CT and a study
population representing different levels of prior therapy exposure and
treatments during the study. Imaging assessment was completed within
the first three cycles of therapy, when not all patients would have
achieved maximum PSA decline; thus, the reported changes in PSA do
not represent best response. Additionally, small sample size was a lim-
itation, which did not allow for the evaluation of complex interactions
between imaging response and other clinicopathologic variables.

It should be noted that because patients were treated according
to separate therapeutic protocols or standard-of-care therapies, no
uniform criteria for clinical benefit were used. Clinical end points
reported in this study should be considered exploratory and largely
reflect time patients spent receiving treatment. The composite
definition of PFS in this context thus reflects the timing at which the
physician determined the patient was no longer clinically benefiting,
as described by Scher et al.26 Nevertheless, when correlated with
protocol or clinical decision making, QTBI showed great promise in
predicting duration of treatment. This supports future biomarker
qualification studies.

In noncurative situations, overall clinical benefit is dependent
on the burden of resistance (eg, new or progressing lesions). Recent
changes in PCWG3 disease monitoring recommend recording
whether disease progression represents growth of pre-existing
lesions, development of new lesions, or both.26 However, there
is discordance in clinical and radiographic progression, because
lesions in inopportune locations can result in clinical deterioration
despite no significant alterations in total anatomic disease burden.
It would be ideal to have both an early marker for treatment
response and spatial context of which lesions are developing re-
sistance. QTBI provides this spatial context, allowing for more

informative decision making to better determine when the patient
is no longer clinically benefitting from therapy.

In conclusion, multiple [18F]NaF PET/CT uptake metrics
acquired early in treatment were correlated with clinical and ra-
diographic PFS. Increasing SUVtotal in the first 12 weeks of
treatment was associated with progressive disease. Our analysis
demonstrates that [18F]NaF PET/CTmay be a useful tool in early
follow-up of patients with mCRPC with bone metastases. Addi-
tional studies are warranted to assess the therapy-specific ability of
[18F]NaF PET/CT to accurately identify response to treatment.
This work supports ongoing development of [18F]NaF PET/CT–
based imaging biomarkers in mCRPC.
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Fig A1. Patient receiving abiraterone exhibiting signs of metabolic bone flare on sodium fluoride (NaF) positron emission tomography/computed tomography from
(A) baseline to (B) week 6 (increasing NaF uptake) before subsiding at (C) week 12.
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